Background: Database-searching methods based on sequence similarity have become the most commonly used tools for characterizing newly sequenced proteins. Due to the often underestimated functional diversity in protein families and superfamilies, however, it is difficult to make the characterization specific and accurate. In this work, we have extended a method for active-site identification from predicted protein structures.
Introduction
Progress in genome sequencing projects has led to an exponential growth of available genomic data (http:// www.ncbi.nlm.nih.gov/Web/Genbank/index.html). But the degree to which we can benefit from this enormous potential resource of data will depend largely on our ability to interpret the functions of the genes and the gene products. Usually, function of proteins is predicted by sequence comparison to proteins of known structure and/or function. The basis of this approach is the commonly accepted notion that similar protein sequences must have a common ancestor and they must therefore have similar structures and related functions.
It is also known, however, that the approach is not always reliable because of functional divergence within a protein family, especially when the sequences have diverged so much that the sequence similarity between them is barely recognizable. For example, the structure of the human rhinovirus 3C proteinase is very similar to that of the other members of the trypsin family. The virus protein has protease activity like a trypsin, but it also has a unique RNA-binding activity [1] . During evolution, new functions can therefore be added to certain members in a protein family. On the other hand, the original function of an ancestral protein can also become lost; for example, the plasminogen-related growth factors of vertebrates contain domains that bear significant sequence similarity to trypsins, but have no proteinase activity [2] . In fact, the catalytic activity seems to have been abandoned by these growth factors because they do not preserve the residues in the catalytic site [2] . As more protein families become known, more such examples will surely be found. Caution must therefore be taken in dealing with the results of function predictions based on only sequence similarity; sometimes even relatively small differences in sequences imply substantial differences in function.
The problem is more evident when one tries to deduce a protein's function from the results of a threading algorithm. Using a library of structurally known proteins, threading algorithms assign a fold to a query sequence based on sequence-structure compatibility ( [3, 4] ; see [5] and references therein for a review). The strength of threading algorithms lies in their demonstrated ability to find proteins that have vague or no sequence similarity between them but that share a common fold. Because lack of sequence similarity also implies functional divergence, it is not surprising that there is less certainty in function predictions deduced from the sequence-to-structure alignments produced by threading algorithms.
To make the function predictions more specific and reliable, one can use a combination of various databasesearching methods to perform a detailed analysis. Commonly used database search methods can be roughly classified into two categories: firstly, sequence alignment methods such as BLAST [6] , PSI-BLAST [7] , FASTA [8] and BLITZ (MPsrch) [9] , which are based on finding the extent of sequence identity between a given sequence and another whose function is known; and secondly, local sequence motif methods such as PROSITE (http:// expasy.hcuge.ch/sprot/prosite.html) [10] , BLOCKS (http:// www.blocks.fhcrc.org) [11] and PRINTS [12, 13] , which use local sequence information to identify sequence patterns that are specific for a given protein family. The information obtained from these two categories of methods is not identical. The former outputs sequence similarity, which implies homologous relationships; the latter outputs matched sequence motifs, which suggest a common function of some sort, provided that the motifs were built based on functional sites. Functional differences can be expected in two proteins that have significant overall sequence similarity, but have different residues at key positions in the active site. Thus, when the results of various methods are consistent, confidence in function prediction can be increased.
3D motif of the active site
A much more direct approach to function prediction involves the identification of the active site in the molecular structure of a protein. If all the key residues in an active site can be identified and the residues are found to be appropriately arranged in 3D space, then one can be much more certain about the function prediction. This approach requires a descriptor of an active site in terms of 3D coordinates and residue identities. We call such a descriptor a 3D motif of an active site. It must focus on those key structural features of an active site that make the active site distinguishable from other parts of the proteins. From such a 3D motif, we should be able to tell whether a given protein structure has a specific biological function.
As an example of the approach, we sought to build a 3D active site motif for the α/β hydrolase fold family. Our 3D motif was built in the same spirit as the Fuzzy Functional Forms (FFF), described previously by Fetrow and Skolnick [14] . A special feature of our 3D motif is that it is entirely composed of Cα coordinates. Since no sidechain coordinates are necessary for identification of the active site, accurate placement of sidechain groups, which is often a problem in the predicted structures based on homology modeling, is not a requirement.
The approach offers an automatic and systematic method of extracting the residues critical for the enzymatic functions. It should be mentioned that identification of the activesite residues of a protein whose structure is known is not always easy and straightforward. One often has to go through a careful literature search. There are Web sites, such as PDBSUM (http://www.biochem.ucl.ac.uk/bsm/pdbsum), that list active-site information extracted directly from the Protein Data Bank (PDB) files and ligand-binding sites based on atomic distances. But the information is often incomplete and sometimes inconsistent, because there is no strict rule that defines the scope of an active site.
We have applied the 3D motif to the functional analysis of the Escherichia coli genome and focused on a particular protein family, namely the α/β hydrolase fold family. Our goal is to find all proteins encoded in the E. coli genome that have an α/β hydrolase fold and actually exhibit hydrolase activity. We took an approach that combined the results obtained from a threading fold prediction, multiple sequence alignments and the 3D motif of active sites developed in this work (see below). The α/β hydrolase fold family was chosen for this study because of the abundant available structural and biochemical data (see reviews in [15, 16] and references therein). The α/β hydrolases are known to participate in many physiological processes. The family encompasses a wide range of enzymatic functions. Table 1 gives a list of known members of this family obtained from a summary by Cousin et al. [17] . The α/β hydrolases are also of significant medical interest; for example, inhibitors of acetylcholinesterase [18] , a member of the family, are used in the treatment of Alzheimer's disease, myasthenia gravis and glaucoma. Correct identification of novel members of this family, therefore, could be potentially quite valuable.
Currently, there are 104 crystal structures in this family deposited in the PDB [17] . All of these proteins share a common fold that is formed by an open twisted β sheet surrounded by α helices on both sides. Figure 1 shows the structure of cutinase, which is the smallest known member of the fold family. Most, but not all, members of the fold family are enzymes, and all the proteins whose crystal structures are in the PDB are enzymes. The active site of all these enzymes is always located in the same position in the structure. There are usually three key residues responsible for the catalytic activity in the active site: histidine, aspartate and serine, which are classically known as the catalytic triad [15] . The His, Asp and Ser in the catalytic triad are close in structure (Figure 1 ), but do not form a local sequence motif because they are distant in protein sequence. The functional roles of the triad residues are as follows: the sidechain group at the Ser position serves as a nucleophilic center, the His sidechain acts as a general base and is hydrogen bonded to the carboxylic group of the Asp sidechain. His and Asp together form a charge relay system. Also important are the surrounding residues that form an oxyanion hole for stabilizing the transition state intermediate and the Gly residues flanking the Ser position that provide the structural flexibility required by the catalytic reaction triad [16] . None of the active site residues is known to be absolutely conserved throughout the family, except for the His position [16] .
Except for the nonenzymes, all the proteins in the fold family are known to contain such a characteristic catalytic triad, and these proteins catalyze reactions that contain a hydrolysis step [16] ; all of these proteins are therefore hydrolases. The differences between the functions of the various enzymes reside in their substrate specificity. Also, note that the end products of the catalyzed reactions are also affected by the presence of reactants such as peroxide and other small molecules in the solvent; however, in our function prediction, we did not attempt to predict the substrate specificity or any other cofactors that may affect the functions of the proteins. Rather, in this first step of function prediction, our focus is on the identification of the catalytic triads in the predicted protein structures. Whenever a functional catalytic triad is identified in a protein that folds like an α/β hydrolase, we predict that the protein is a hydrolase with yet unknown specificity.
The procedure used in this work to identify members of the α/β hydrolase fold family with hydrolase activity in the E. coli genome is as follows. Firstly, a 3D motif is constructed to identify the active site for the catalytically active members of the α/β hydrolase fold family. Secondly, a threading algorithm is applied to protein sequences encoded in the E. coli genome to identify those that might have an α/β hydrolase fold. Thirdly, for each protein sequence predicted to adopt the α/β hydrolase fold, PSI-BLAST [7] is used to construct a residue conservation profile. Fourthly, for each protein sequence predicted to adopt the α/β hydrolase fold, we determine whether the active-site residues match the 3D motif constructed in the first step; and whether the active-site residues are conserved according to the profiles obtained in the third step.
Using this procedure, we have predicted that 17 E. coli proteins have both the α/β hydrolase fold and hydrolase activity. The active-site residues in these proteins have been identified. Confidence in these predictions varies and was analyzed. We also discuss the factors that may obstruct the function prediction and propose ways to deal with them.
Results

Building the active site 3D motif
The 3D motif we sought to build is a descriptor of the active site of the α/β hydrolases. With such a descriptor, one should be able to identify whether or not a given protein structure has hydrolase activity and to identify the functional residues.
We started with the structure of glycerol lipase (PDB code 1gpl) [19] to build the consensus form of the active site of the α/β hydrolases. The coordinates of the C α atoms of the His-Asp-Ser triad residues, which are not contiguous in Research Paper Functional analysis of E. coli proteins of the a/b hydrolase family Zhang et al. 537
Figure 1
The structure of cutinase (1cue) [31] , a representative of the α/β hydrolase fold family. The catalytic triad residues, His188, Asp175 and Ser120, are shown as ball-and-stick models. This ribbon diagram was produced using MOLSCRIPT [32] . D175 S120
H188
Folding & Design Table 1 Functional diversity in the a/b hydrolase fold family*.
sequence (Figure 1) , and the flanking i-1 and i+1 residues for each, which together form a 9-C α motif, were chosen to represent the active-site scaffold.
Then, a search for similar 9-C α arrangements in 3D space was performed on a database that contains 1038 nonhomologous structures extracted from the FSSP (fold classification based on structure-structure alignment of proteins) database [20] . In the search, we considered any three residues whose C α -C α distances are less than 12 Å from one another, and in which one was a histidine. (The histidine is irreplaceable in the catalytic triad.) The three residues together with the flanking i-1 and i+1 residues constitute a 9-C α candidate scaffold that can be compared to the 9-C α scaffold of the 1gpl active site. By calculating the root mean square deviation (RMSD) between each candidate scaffold and the 1gpl active-site scaffold through 3D superimposition, the distribution of RMSDs for all 1038 structures was obtained (Figure 2 ). Figure 2 shows that the 9-C α scaffold is specific: all of the proteins that are members of the α/β hydrolase fold family have a 9-C α scaffold with an RMSD (to the 9-C α scaffold of the 1gpl active site) of less than 1.0 Å. Note that these proteins (listed in Table 2 ) are known by experiment to have hydrolase activity. All other potential 9-C α scaffolds found in the 1038 structures have an RMSD greater than 1.0 Å from that of 1gpl. This same result can be obtained by starting with the 9-C α scaffold of any one of the 13 structures listed in Table 2 ; the choice of the 1gpl structure itself is therefore not special. Choosing other members of the family to create the 3D motif works equally well (data not shown).
The 9-C α scaffold of the 1gpl active site enabled us to automatically group together all the members of the α/β hydrolase fold family on the basis of a local 3D structure around the active site, thus validating the method. We propose this 9-C α scaffold (i.e. the 9-C α coordinates from 1gpl and the restricted His identity of the C α s) as the 3D motif of the active site for the α/β hydrolase fold family. The 13 structures identified as having this active-site scaffold are listed in Table 2 . The catalytic triad consists of sites 2, 4 and 5.
The 9-C α scaffold geometry is clearly well conserved throughout evolution. Are there other sites near the catalytic triad that are also structurally well conserved in this fold family? To answer this question, we superimposed all of the 104 known structures in the family according to their 9-C α scaffolds in the active site. We sought structurally conserved C α sites, which are defined as follows: a C α position where every member of the α/β hydrolase fold family has a corresponding C α atom within 1.5 Å when the structures are superimposed. In addition to the 9-C α scaffold, two extra C α positions in the vicinity of the catalytic triads were found to be structurally conserved ( Table 2 , sites 1 and 3); however, the data in Table 2 show that the sequence identity of residues at these sites is not necessarily conserved. RMSD distribution of the potential active-site scaffolds. The RMSDs were measured between the 9-C α scaffold of the active site of the 1gpl structure (glycerol lipase [19] ) and the 9-C α scaffold of the triplets in the database of 1038 structures. Here, a triplet is defined as any three C α atoms within 12 Å of each other, where one of the three residues must be a His. The shaded area denotes those that are the functional catalytic triads of the known α/β hydrolases. The inset shows the complete distribution, whereas the main graph shows the expanded view. The functional roles of the two new sites have been well characterized from the crystal structure studies [16] : site 1 is near the oxyanion hole, where the backbone atoms adjacent to the C α position participate in forming hydrogen bonds to the substrate; site 3 is an alternative position that can host an Asp that can be hydrogen-bonded to His to form the charge-relay system in the catalytic triad [15] .
The sites listed in Table 2 do not include all functionally important residues. The functional roles of the residue positions flanking the catalytic triads have been reported in the literature. For instance, in the hydroxynitrile lyase (1yasA), a Cys residue at the i+1 position relative to the nucleophilic Ser position participates in the oxyanion hole formation [21] . In the case of haloalkane dehalogenase, both i+1 and i-1 positions relative to the nucleophilic center site were found to be functionally important [22] ; however, sites 1-5 listed in Table 2 are structurally conserved across the entire family.
In addition, the sites shown in Table 2 are critical to the catalytic function [16] . The His at site 5 is not replaceable, but site 2 can be either Ser, Asp or Cys and site 4 can be Asp or Glu. These allowed, known variations can serve as criteria from which we can judge whether or not the predicted active site could exhibit the hydrolase catalytic function.
Fold prediction of the E. coli genome
The hybrid threading algorithm developed by Jaroszewski et al. [23] was applied to the whole set of 4289 open reading frames (ORFs) in the E. coli genome [24] to predict their structures. The threading algorithm employed three different scoring functions and a library of 1038 nonredundant structures collected from the FSSP database (see the Materials and methods section). Thirteen of these 1038 structures have been identified previously as members of the α/β hydrolase fold family (Table 2 ).
For each query sequence from the E. coli genome, with each scoring function, the hybrid threading algorithm outputs the names of the five most compatible protein structures. The alignments between the query sequence and the sequences of the compatible structures were also outputted. Because three scoring functions were used, 15 sequence-to-structure alignments were obtained for each E. coli protein sequence. If any of the 15 structures that align to a given query sequence is a member of the α/β hydrolase fold family (listed in Table 2 ), it is called a hit. The distribution of the threading scores of the hits is shown in Figure 3 . (The threading scores were calculated as the logarithm of the significance scores [23] .) The total number of hits is 1003, which correspond to 651 different ORFs, that is, 651 different ORFs have at least one hit to a member of the α/β hydrolase fold family.
Can there be 651 proteins that belong to the α/β hydrolase fold family encoded in the E. coli genome? The number seems to be too excessive for a genome that has only 4289 ORFs. But which of them actually have a functional hydrolase active site and what are the active-site residues? These are questions answered in the following sections of the paper.
Identification of the active-site residues
Putative active-site residues of the E. coli proteins were identified from the sequence-to-structure alignments produced by the threading algorithm. Special attention was paid to the catalytic triad positions (Table 2) . A residue in Research Paper Functional analysis of E. coli proteins of the a/b hydrolase family Zhang et al. 539 Table 2 The structurally conserved active sites of the proteins in the a/b hydrolase family. *PDB code name with the fifth character denoting the chain label. † The structurally conserved C α positions in the active site are listed in five columns: site 1 is part of the oxyanion hole; site 3 is the position sometimes involved in forming an alternative catalytic triad; and sites 2, the catalytic triad of an E. coli protein should have two properties: firstly, it should have the appropriate identity (allowing a shift in the putative alignment by at most three residues) according to the 3D motif we constructed; and secondly, it should be conserved among the close homologs of the E. coli protein. Table 3 (continued in Table S1 in the Supplementary material) lists all those ORFs encoded in the E. coli genome in which a functional catalytic triad could be identified from threading alignments. According to the degree of conservation of the catalytic triad residues in a multiple sequence alignment, these ORFs were classified into three categories: those having all three residues conserved; those having only two residues conserved; and those having only one residue or none conserved. Here, a residue is called conserved if more than 40% of residues at this residue's position in a multiple alignment are identical to the residue found in the original sequence. Table 3a contains a list of 16 proteins predicted to have 3D structures similar to the α/β hydrolase fold family that function as hydrolases, as do other enzyme members in the family. Among these proteins, it is experimentally known that bioH is carboxylesterase and pldB is lysophospholipase L2, both of which seem to be within the scope of functions listed in Table 1 . These can be regarded as confirmed predictions. Other proteins listed in Table 3a are hypothetical proteins. Most of them can be related to the sequences that have one of the functions assigned in the search (shown in the database annotation column in Table 3 ) of the α/β hydrolase fold family by PSI-BLAST. Thus, the results appear to be mostly consistent with PSI-BLAST searches; however, there are a few exceptions. The database annotation column also lists spermidine synthase, nitrogen fixation activator and oxygenase, which do not seem to be similar to the hydrolase functions listed in Table 1 . These could be the false positives, but it is also possible that these proteins were picked up by the prediction algorithm because they are multifunctional. Experiments are needed to verify these predictions.
The functions of the proteins listed in Table 3b are uncertain. PSI-BLAST search found that some of these proteins are related to lipases and esterases. But with one of the triad residues not conserved in a multiple sequence alignment of related proteins, it is suspected that these proteins may function differently from the known members of the α/β hydrolase family.
The proteins listed in Table S1 (Supplementary material) are predicted as unlikely to exhibit the hydrolase function because, although the catalytic triad was found in the E. coli sequence, the putative active-site residues are not conserved in related proteins. Note that none of the proteins is known to be a member of the α/β hydrolase fold family.
YHET is a new member in the a/b hydrolase fold and function family
In order to better illustrate the prediction procedure, we will describe a specific case in detail. Protein YHET is described as a hypothetical protein encoded in the E. coli Histograms of threading score distributions. The threading score is the logarithm of the significance score of the threading alignments. The histograms include the sequence-to-structure alignment in which an E. coli ORF is aligned to a member of the α/β hydrolase fold family with a threading score among the top five alignments according to the hybrid threading algorithm [23] . The darker gray area denotes those that were confirmed by functional site matching, which corresponds to all cases listed in Table 3a that have three conserved catalytic triad residues. The inset shows the complete distribution, whereas the main graph shows the expanded view. genome. According to the annotation of YHET_ECOLI in the SWISS-PROT database, it belongs to the uncharacterized protein family UPF0017, which contains nine proteins homologous to YHET_ECOLI from a wide range of organisms, including humans. All of these proteins are as yet uncharacterized. Table 4 shows the results obtained from the hybrid threading algorithm for YHET. The threading scores show that this protein may have an α/β hydrolase fold (denoted by asterisks in Table 4 ), but alternative folds such as 1xsm_ cannot be excluded. According to the 3D motif, the most plausible model was found in the alignment between YHET and 1broA ( Figure 4 ; 1broA is a bromoperoxidase [25] ), but YHET and 1broA share only about 20% sequence identity, depending on the exact alignment ( Table 3 ). The alignments produced by hybrid threading suggest that the C-terminal part of YHET (296 residues of the total 340) is predicted to be similar to the structure of 1broA. In this The predicted folds are denoted by PDB code names with the fifth character denoting the chain labels. The sq, br and tt refer to the types of scoring functions (see text). *Structures in the α/β hydrolase fold family. The threading score is the logarithm of the significance score of the threading alignments.
*PID is the sequence ID number in GenBank. † Name is the gene name of the E. coli protein sequence. ‡ PDB is the PDB code name of the predicted fold by which the sequence and structure were aligned (with the fifth letter denoting the chain label). § tp is the threading scoring function. # Score is the threading score. ¶ N is the number of residues of the E. coli protein sequence. ¥ M is the number of nonredundant sequences that were found to bear sequence similarity to the E. coli protein sequence. These sequences were used to calculate the conservation profile. **The catalytic triad residues. The last three digits denote the residue numbers, the letters denote the residue identities, the single digits in front of the letters denote the degree of conservation obtained from a multiple alignment: 0 means 0-10% conserved, 1 means 10-20% conserved and so on. † † Ident is the sequence identity between the E. coli sequence and the predicted structure as denoted by the PDB code name. ‡ ‡ Database annotation of function in SWISS-PROT (marked by the symbol †) or, if no such annotation exists, the function annotation of a similar sequence found in a PSI-BLAST search is listed in this column (without the symbol †). The asterisk indicates those structures predicted by threading that are not α/β hydrolases, but with high threading scores greater than 10. δ indicates proteins for which annotations suggest function other than hydrolase, but which might, in fact, be multifunctional.
alignment, Ser153, Asp280 and His308 in YHET form the catalytic triad. These residues correspond to the triad positions at sites 2, 4 and 5 in 1broA in Figure 4 . (Note that there is a one-residue shift in the alignment at the His308 position.) We therefore predict that YHET is an α/β hydrolase with hydrolase activity.
Further support for this prediction is found in the multiple alignment of YHET's homologs, most of which are members of the UPF0017 family annotated in SWISS-PROT. The multiple alignment was obtained using PSI-BLAST [7] and a conservation profile was calculated from the multiple alignment. As shown in Figure 4 , the profile is represented in a string of single digits, on a 0-9 scale. The three putative catalytic residues, sites 2, 4 and 5, are well conserved. The position of Gly80, which is the oxyanion hole position (site 1) according to the alignment in Figure 4 , is also strictly conserved. In fact, this result does not depend on which member of the UPF0017 family is chosen as the query sequence. When using other members of the UPF0017 as the query sequences and then applying the threading algorithm and 3D motif, we could find a conserved catalytic triad in all of them (Table 5 ). We therefore predict that the entire UPF0017 family has the α/β hydrolase fold and the hydrolase activity. The substrate specificity of the members of the family remains to be determined.
Further support for this prediction is also found using a BLOCKS [11] search, which identified a local sequence motif around the nucleophilic Ser position in YHET. The local sequence motif is known as the nucleophilic elbow motif [15, 26] and is characterized by the glycine residues at the i+2 and i-2 positions relative to the nucleophilic Ser. The BLOCKS search reported that it found that YHET contains this motif, but it was only ranked in the 35.3 percentile of anchor block scores for shuffled queries.
It should be noted that not all threading alignments between YHET and the α/β hydrolases align the same set of catalytic triad residues. For example, His318 in YHET (boxed position close to the C terminus in Figure 4 ) is predicted as a catalytic triad residue in a threading alignment to 1broA with the 'sq' type of scoring function, which is simply the alignment produced by sequence information alone (Table 3a) . The threading score of this alignment (4.9) is worse than that obtained from the 'tt' scoring function (8.1; Table 4 ), which uses some tertiary structure information. More importantly, His318 is not conserved in the multiple sequence alignment of the UPF0017 family at all. We therefore predict that His308 is much more likely than His318 to be a catalytic triad residue, and the sequence-to-structure alignment of YHET to 1broA by the sq scoring function is incorrect.
Evidently, this phenomenon reflects the fact that there is some uncertainty in the local alignment. In fact, we have observed in a number of examples that it would make much more sense if the alignments generated by threading were locally shifted by one or two residues. This is why we have allowed some flexibility in identifying the catalytic residues from the threading alignments.
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Figure 4
The alignment of YHET to 1broA produced by the hybrid-threading algorithm. The scoring function used is 'tt', which uses both the sequence and structure information of 1broA. The bold numbers 1-5 below the sequences denote the sites as described in Table 1 . The numbers above the sequences denote the conservation profile on a 0-9 scale, 0 meaning 0-10% conserved, and 9 meaning 90-100% conserved. Blocked letters denote matched sites between the two proteins. The boxed residue is His318 aligned to site 5 in 1broA using a 'sq' scoring function, the scoring method that uses sequence information only. 
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Complications in the search for the active-site residues
In general, there are four possible reasons for incorrect identification of the active-site residues: local misalignment in the sequence-to-structure alignments; previously unknown variations at the active site due to novel functions derived from the α/β hydrolase fold family or due to loss of function altogether; incorrect fold prediction; and erratic sequences due to errors in sequencing or in recording the sequences into the databases. All of these possible causes were found in the functional analyses performed here.
Local misalignments, such as those shown in Figure 4 , frequently occur in threading predictions and sequence alignments. The problem is partly overcome by allowing for small errors in the alignments and by checking not just the threading prediction with the highest score, but a number of top ranking threading predictions, as was done here. Use of the conservation profile analysis can identify possible problems and confirm possible predictions.
Novel members of the α/β hydrolase fold family may use different residues in the active site so that functional triad residues cannot be identified in these proteins. The proteins listed in Table 3b have only two well-conserved active-site residues. The third conserved residue cannot be found within 20 residues relative to the putative active-site position. These proteins are therefore unlikely to possess what we consider as 'normal' hydrolase catalytic triads. The threading scores of these fold predictions are not high, but neither are there better alternative folds predicted by the threading algorithms. These results suggest that these proteins might adopt folds that are similar to α/β hydrolases, but might function with distinct reaction mechanisms.
Of course, when the threading fold prediction assigns a wrong structure to a protein, the active-site prediction cannot be correct; however, the predicted active-site residues could occur by accident; for example, the structure of guaA, a GMP synthase, was determined by X-ray crystallography (PDB code 1gpmA). By threading, one of the plausible predicted folds is 1ac5 (PDB code), which is a member of the α/β hydrolase fold family. According to the alignment, the catalytic triad residues are Asp239, Asp422 and His487 (Supplementary material), which seem appropriate for a functional triad; from the crystal structure of this protein that is known, however, we know that these residues are not located in the active site and are quite distant from each other. Fortunately, use of the conservation profile tells us that this is likely to be a coincidental match. Asp422 and His487 are both unconserved among protein sequences closely related to guaA (Supplementary material). This example shows that use of a conservation profile can help eliminate false positives in function prediction.
Other proteins listed in Table S1 (Supplementary material) are similar to guaA, except that for some of them, a structure prediction cannot be reliably made. Most of these proteins have known functions or there exists a similar sequence with a known function (identified from a PSI-BLAST search). These functions are not similar to Column headings are the same as those in Table 3 . Note that all sequences listed in this table are from the UPF0017 family annotated in the SWISS-PROT database.
those known in the α/β hydrolase fold family. In addition, the threading scores shown in the Supplementary material are all less than 6, which is far below the significance threshold value of 10. Thus, we cannot make function predictions from these threading alignments.
ORFs with catalytic activity missed by our prediction method
Are there members of the α/β hydrolase fold family with hydrolase activity in the E. coli genome that are missed by our function prediction method? The answer is: 'possibly'. Table 6 lists three possible candidates.
Protein gi1787244 (gi, GenBank protein sequence ID) is suspected to be a member of the α/β hydrolase fold family because of the relatively high-scoring threading prediction (9.0) to the bromoperoxidase structure (PDB code 1bro [14] ) and because a PSI-BLAST search of similar sequences found a dipeptidyl peptidase with an E value = 2.0 × 10 -30 and a lipase precursor with E value = 1.0 × 10 -23 , which is typical of the α/β hydrolase fold family; only two catalytic residues, Cys and His, can be identified, however. This situation is similar to that of the proteins listed in Table 3b . If the protein does have a catalytic triad as in other α/β hydrolases, the missing residue should be an Asp or a Glu located somewhere between the Cys and His positions. But from the conservation profile, no conserved Asp or Glu can be found in this region. The protein therefore probably does not have the usual catalytic triad as in other α/β hydrolases and could be a novel member of the family with a distinct function.
Protein gi1787587 seems to have lost its catalytic function. The threading scores for this protein are significant (the significance threshold is about 10; A.G., unpublished data), and a PSI-BLAST search of similar sequences found a carboxylesterase with an E value = 2.0 × 10 -52 . Two of the three triad residues can be identified (Table 6 ). gi1787587 has an Ala at the nucleophilic center position (central shaded area in Figure 5 ). This position in related sequences always contains a Ser, the triad residue that is replaced by Ala in gi1787587. The position must be occupied by a nucleophile and the sidechain of Ala cannot serve this function; therefore, the protein cannot function as a hydrolase enzyme.
Note that a single base mutation (from UCX to GCX, where X can be any base) could lead to the change from Ser to Ala. This case can be thought of as evolution in action, provided that it is not a sequencing error.
Errors in sequencing could lead not only to mismatches in the active site, but also to frame shifts in the reading frame. This is a possible explanation of the result for protein gi2367305. From the threading alignment to the α/β hydrolase 1din (Figure 6a ), one could see that the first 160 residues of the gene aligned well with the crystal structure 1din. After that, the alignment becomes essentially random. Only one of the catalytic triad residues, the Cys134 at site 2 (Figure 6a ), could be identified. Interestingly, by searching sequences similar to gi2367305 in SWISS-PROT, YSGA_ECOLI was found. YSGA_ECOLI and gi2367305 correspond to the same DNA sequence
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Figure 5
Comparison of alignments to demonstrate possible loss of function due to point mutation. The E. coli protein sequence under investigation is gi1787244. The alignments were shown only around the nucleophilic elbow region. The top two lines were produced by threading [23] and the rest were from the multiple sequence alignment produced by a PSI-BLAST [7] search using the E. coli sequence as a query. Note that the identity of the residue at the nucleophilic site is an unusual Ala, rather than a Ser, for proteins with similar sequences (shaded area in the middle). The protein sequences are addressed by the database name and an identifier. pdb, sp, gi, gnl|PID, and pir indicate Protein Data Bank, SWISS-PROT, GenBank, General Protein Identifier, and PIR database, respectively.
GAVH VG H S T GG GEVVRYMAR pir|A55211
GAVHI G H S T GG EVARYVARA
Folding & Design Table 6 ORFs with a high threading score, but no fully functional triad. Column headings are the same as those in Table 3. -indicates sites at which no residue with appropriate identities could be found in the sequence-to-structure alignments.
stored in GenBank, but only the first 183 residues of the two proteins are the same. The rest are different due to a reading frame shift that was introduced in the translation from the DNA sequence to YSGA_ECOLI. It is not clear what the exact reason for introducing the frame shift is, but it is probably because, with this frame shift, a stronger sequence similarity can be found to other known protein sequences. Using the sequence of YSGA_ECOLI, the alignment to 1din was greatly improved so that we could identify all the catalytic triad residues at sites 2, 4 and 5 ( Figure 6b ). With YGSA and the 16 ORFs listed in Table 3a , we have so far identified 17 E. coli ORFs of the original 651 hits that are predicted to have the α/β hydrolase fold and have hydrolase activity.
The sequences shown in Table 6 were found by checking those E. coli protein sequences that, according our prediction algorithms, have high threading scores but no functional catalytic triads. Except for those listed in Table 6 , the E. coli protein with the highest threading score not predicted to have a functional catalytic triad is ybaC (Table 3b) . ybaC is predicted to fold like 1broA with a threading score of 7.0. It also shows that function prediction can help validate structure predictions, especially for alignments where the significance of the score is not overwhelming, thereby expanding the applicable scope of the threading structure prediction methods.
Discussion
Our function prediction method has three key components: a 3D motif that summarizes the structure and sequence variations of the active site of the α/β hydrolase fold family; alignments between a query sequence and structurally known proteins that are produced by a threading fold prediction algorithm; and a conservation profile produced by a multiple sequence alignment to the query sequence. By Reading frame shift in YGSA. (a) Alignment between gi12367305 (YGSA without the frame shift) and 1din. (b) Alignment between YGSA and 1din. YGSA and gi12367305 correspond to the same DNA sequence in GenBank. The alignments were produced by the hybrid-threading algorithm using the 'tt' scoring function (which uses structural information). The numbers above the sequences denote the conservation profile on a 0-9 scale (the same as that described in the legend of Figure 4 ). FARTSSSGYV ASAAALANER TLDFLAPLQS ------------------------------0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 gi2367305 YPRRKFCAAC TMFASAARVS GQPRVFRPQS GLTHRRSAGM RFAAFFSKAS IHSTLGTFGE 1din_ combining the information obtained from these three components, we can answer the following two questions: are the active-site residues appropriate for a given function? And, are the residues conserved? Depending on the answers to these questions, function predictions may or may not be made. Thus, the method naturally unites the information provided by several established methods (FFF, Hybrid Threading and PSI-BLAST) and creates a semiautomated tool for functional analysis of protein sequences.
Our function prediction method is distinguished from others because it uses structural information, which should make it more specific than those purely sequence motif based methods, such as BLOCKS [11] and PROSITE [10]. Our method is also different from the 3D templates method [27, 28] , which requires precise coordinates of the sidechain atoms for active site identification. The method of Wallace et al. [27] is only suitable for high-resolution protein structures. In contrast, our method requires only C α coordinates and can be employed on predicted protein structures [14] .
In general, in the twilight zone of sequence similarity, the alignments produced by various threading algorithms are known to be unreliable [5, 29] . How, then, can one identify active-site residues from such alignments? The problem was partly overcome in our method by not only considering the optimum alignment, but also a number of alternative alignments in the top hits produced by threading using different scoring functions. Furthermore, confidence in the prediction is raised by seeking consistency in the multiple alignment; as shown here, the use of the conservation profile reduces the chances of accidental matches.
Failure to recognize the active-site residues can also be caused by sequencing errors and incorrect fold predictions. These can often be identified when there is conflicting evidence between the parts of the method, such as in the examples (Tables 3, 6 , and the Supplementary material) illustrated in this paper, due to the absence of conserved triads.
The methods demonstrated in this paper can be easily implemented given a database of annotations of functional sites of proteins. To construct such a database, caution must be taken to ensure that the annotations are systematic and consistent. We propose use of the backbone coordinates of the active-site residues to represent a 3D motif of the active site of the α/β hydrolase fold family. It should be possible to extend this to other protein families, which could lead to the construction of a functional site database. Functionally important sites in a known protein structure can also be determined by checking atomic contacts between the protein and the ligands (PDBSUM at http://www.biochem.ac.uk/asm/pdmsum/index.html), or by using the 3D templates of active sites as proposed by Wallace et al. [27] .
Function prediction, as described in this paper, identifies catalytic sites, but the exact substrate specificity of the predicted members of the α/β hydrolase fold family was not determined. As it is known that substrate specificity can often be severely altered by a few mutations in the binding pocket near the catalytic site of the enzymes [30] , it is thought that prediction of the substrate specificity would be difficult in the absence of strong sequence similarity to experimentally well characterized proteins. Many of the predicted α/β hydrolases have little sequence similarity to the known α/β hydrolases. To identify their substrate specificity, one must rely on experiments. Alternatively, one can try to identify patterns or motifs in the binding pockets that determine the specificity on the enzymes.
In conclusion, we have described a function prediction method that is successful for the proteins belonging to the α/β hydrolase fold family encoded in the E. coli genome.
The results demonstrate that a gap exists between protein fold prediction and function prediction, and that, by using a 3D motif of the active site, one can identify the activesite residues in a predicted fold and, thus, verify the validity of the fold prediction.
Materials and methods
3D motif of the active site
The 3D motif of the active site for the α/β hydrolase fold family contains two components: the 9-C α coordinates, which are from the C α atoms of the catalytic triad (the His-Asp-Ser triad in 1gpl) residues and the flanking i-1 and i+1 residues for each triad residue; and variations of the identities of the triad residues, which in our case, restricts one of the triad residues to His.
To search a known protein structure for this 3D motif, we considered all triplets of C α atoms whose distances from each other are within 12 Å, and require that one of the C α s should be from a His residue. Such triplets, along with the flanking residues (i±1 positions), form 'candidate' 9-C α scaffolds that can be compared to the 3D motif by 3D superimposition. The triplets that have RMSDs (<1.0 Å) in the known protein structures are predicted to be functional triads.
The threading algorithm
The details of the hybrid threading algorithm used in this study can be found in [23] . The algorithm threads a query sequence through a library of structures using dynamic programming. Three different scoring functions are used: the first one (sq) uses sequence information only; the second one (br) uses sequence similarity and burial status of the residues; and the third one (tt) uses tertiary contact as well as secondary structure, burial status and sequence information. The structural library used was collected from the FSSP database, which contains 1038 structures with less than 30% pairwise sequence identity among them.
Conservation profile
Conservation profiles were calculated from the multiple sequence alignments produced by PSI-BLAST [7] . The PSI-BLAST search was performed in the 'nonredundant database' maintained by NCBI (National Center for Biotechnology Information). The default gap introduction and extension parameters were used. The mutation matrix used for alignment score calculation was BLOSUM62. The threshold E-value was chosen to be 0.05.
The procedure for calculating the conservation profile is as follows: perform PSI-BLAST search using an E. coli ORF as a query; delete gaps introduced into the query from the multiple sequence alignment produced by the PSI-BLAST search; for each column in the multiple alignment, ignoring the gaps, count the total number of letters (L0) and the number of occurrences of the most populated letters (L); and for each column in the multiple alignment, calculate K = 10*L/L0 and round K to an integer. If L0 is less than 5, then K is set to zero. The values of K for each column in the multiple alignment constitute the conservation profile.
Supplementary material
A Table S1 -a supplement to Table 3 Structure/function predictions for E. coli ORFs for members in the a/b hydrolase fold family.
ORFs with one or none conserved triad residue. These ORFs were predicted either not to have hydrolase activity or not to have an a/b hydrolase fold. 
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